Abstract: Glial fibrillary acidic protein (GFAP) is an intermediate filament protein considered to be the best astroglial marker. However, the predominant cell population in adult human brain tissue cultures does not express GFAP; these cells have been termed "glia-like" cells. The basic question about histological origin of adult human brain cultures remains unanswered. Some authors showed that "glia-like" cells in adult human brain cultures might be of non-glial origin. We examined primary explant tissue cultures derived from 70 adult human brain biopsies. Within first 5-10 days approximately 5-10% of the small explants became attached. Outgrowing cells were mostly flat cells. These cells formed confluent layer over 3-6 weeks in culture. At confluence the cultures contained 2-5% of microglial cells, 0.1% GFAP-positive astrocytes, less than 0.01% oligodendrocytes and 95-98% GFAP-negative "glia-like" cells. This population of flat "glia-like" cells was positively stained for vimentin, fibronectin, and 20-30% of these cells stained for nestin. Our findings revealed that 1 mM dibutyryl-cAMP addition, in serum free conditions, induced a reversible stellation in 5-10% of the flat "glia-like" cells but did not induce the expression of GFAP or nestin in morphologically changed stellate cells. These results demonstrate that "glia-like" cells in primary adult human brain cultures constitute heterogeneous cell populations albeit with similar morphological features. Two distinct subpopulations have been shown: (i) the one immunostained for nestin; and (ii) the other reactive for dibutyryl-cAMP treatment.
Introduction
Most studies on glial cultures utilise cells obtained from embryonic or newborn rodents, generally using various modifications of the method of McCarthy & De Vellis (1980) . With this method it is possible to acquire nearly pure cultures of glial fibrillary acidic protein (GFAP) positive astrocytes. In comparison with rodent models only a few experiments have been performed on cultures from adult human brain (Newcombe et al. 1988; Kirschenbaum et al. 1994; Davies et al. 2000) . This may be explained by the fact that GFAP-positive cells are rare or even absent in adult human brain cultures. Cells cultured from adult human brain have been poorly defined until now and are often termed as "glia-like" cells based on some morphological similarities with astrocytes. However, these "glia-like" cells do not express GFAP (Ponten & Westermark 1978) . Primary cultures derived from foetal human brain consist of a heterogeneous neuronal, glial and non-glial cell population (Rutka et al. 1987) . Neonatal primary rat cultures which contain up to 95% of GFAPpositive cells became GFAP-negative by the fourth passage. Similarly in adult and foetal human brain cultures GFAP-positive cells disappear in early passages (Osborn et al. 1981; Perzelova & Mares 1993) . The secondary human and rat brain cultures are completely composed by "glia-like" cells. The histological origin of these cells remains unclear. Some authors showed that cells in adult human brain cultures might be of non-glial origin. The studies by demonstrated the similarities between normal human brain and leptomeningeal cultures. Both cultures were morphologically and ultrastructurally similar. They were positively stained for fibronectin, vimentin, laminin and collagen IV. These results led the authors to redefine the human brain cultures not as "glia-like" or mesoblastic, but rather as predominantly leptomeningeal or arachnoid in origin.
We suggest that "glia-like" cells are highly proliferative precursor cells during early passages and at the end of their lifespan they may differentiate into GFAP-positive astrocytes. The results reported here demonstrate a subpopulation of nestin-positive "glialike" cells.
Material and methods

Cell cultures
Over the last decade we have established more than 500 tissue cultures from human brain and tumor biopsies. Brain samples were kindly provided by the Department of Neurosurgery, Derer's Hospital, Bratislava. For this study we chose 70 tissue cultures from adult donors (23-75-year old) undergoing neurosurgical intervention for brain trauma, stroke or arteriovenous malformations. The samples were obtained mainly from temporal or frontal, rarely occipital lobes. The tissue cultures were prepared separately from cortical grey and white matter. The samples were cut into small pieces, less than 1 mm 3 (4-6 mm 3 of brain tissue per 1 cm 2 ) and seeded in plastic uncoated Petri dishes in medium consisting of MEM enriched by 10% foetal calf serum, glutamine, and non-essential amino acids. Simultaneously, the cells used for immunocytochemical staining were grown under the same conditions on uncoated glass coverslips. Experiments with human brain biopsies were performed according the Slovak Laws 272/1994 and 576/2004.
Antibodies
To identify astroglial cell types we used the following antibodies against GFAP: clone GF-01, 1:100, Exbio, Prague; clone G-A-5, 1:100, Sigma; and polyclonal sera to GFAP, 1:100, Dako. Oligodendroglial cells were characterized by antibodies to GalC (clone mGalC, 1:10, BoehringerMannheim Wien) and to O4 antigen (clone 81, 1:10, Boehringer-Mannheim Wien). Microglial cells were defined as immunoreactive with antibodies to CD11c (clone BU15, 1:50, Immunotech) (Williams et al. 1992 ) and polyclonal sera to ferritin (1:50, Sigma) (Kaneko et al. 1989) . Neuronal cells were identified with antibodies to MAP2 (clone HM-2, 1:50, Sigma), N-CAM (clone NCAM-OB11, 1:50, Sigma), and NF (clone NF-01, 1:100, Exbio, Prague). The endothelial cells were detected by polyclonal sera against Von Willebrand Factor VIII-related antigen (F-VIII; 1:100, Dako). The antibodies to nestin (clone nestin 25, 1:50, BD Biosciences), vimentin (clone V9, 1:100, Sigma) and polyclonal sera against fibronectin (1:100, Sigma) were used to further characterization of human brain cultures. The secondary fluorescein-and rhodamine-conjugated antibodies were purchased from Sigma and Sevapharma, Prague. The immunoreactivity of primary antibodies was tested on tissue cultures from newborn rat or mouse brain, various cell lines and on human brain cryosections.
Immunofluorescence Cells grown on glass uncoated coverslips were used for indirect and double immunofluorescence staining within 7-10 and 20-27 days in vitro (DIV). The surface antigen CD11c was examined on cells fixed in 4% p-formaldehyde for 15 min at room temperature. O4 and GalC antigens were examined on live cells or p-formaldehyde-fixed cells. Staining with neuronal marker antibodies such as MAP2 and N-CAM was performed on cells fixed with cold methanol or following the method of Kirschenbaum et al. (1994) using 4% p-formaldehyde and permeabilization. The intermediate filament proteins (GFAP, vimentin, NF, nestin) , ferritin, fibronectin and F-VIII were detected on cells fixed in methanol-acetone (1:1) solution for 15 min. at (−15
• C). Cells for indirect immunofluorescence were incubated 1 h with primary antibodies and 30 min with 1:50 diluted appropriate secondary antibodies. Double-labelling for GFAP/vimentin, GFAP/fibronectin, GFAP/nestin and vimentin/ferritin was performed with primary, and afterwards with appropriate mixtures of secondary, antibodies for 1 h and 30 min, respectively. Staining intensities and percentage of glial cell types were determined in confluent cultures.
The cultures were incubated with 1 mM dibutyrylcAMP (dbcAMP) for 15 min, 1h and 24 h in serum-free medium. The treated and control cells were examined by indirect immunofluorescence for the presence of GFAP using all three above-mentioned antibodies. Fluorescence microscopy was performed with an Olympus IMT-2 microscope.
Results
Morphologic features of cultured cells
Morphological properties of cells were assessed on 70 primary adult human brain cultures using phasecontrast microscopy. From the morphological aspect the cells growing in all primary cultures from different donors might be divided in the following three groups: (A) amoeboid, spindle-shaped or unipolar cells with single long processes which were strongly phase-bright with grainy or vacuolated cytoplasm (Fig. 1A ,C,D); (B) stellate or bipolar process-bearing cells with two, three or more frequently branched, long, thin processes (Fig. 1E) ; and (C) flat and spindle-shaped cells with or without poorly developed processes (Fig. 1C,D) .
The cells of all above groups were grown similarly on uncoated glass or plastic substrates. The first single attached cells were observed within 2-3 days after seeding of explants. These cells were assigned to group A (mainly amoeboid cells). After increasing DIV their initially grainy cytoplasm became vacuolated. Within 5-10 DIV approximately 5-10% of the small explants became attached. Outgrowing cells were mostly from group C (mainly flat cells) (Fig. 2B ). These cells showed rapid growth and formed confluent layers over 3-6 weeks in culture. At confluence they constituted more than 95% of the cell population (Fig. 1E,F) . The B group cells (stellate or bipolar) reached approximately 0.1% and cells from the group A 2-5% of the cell population. The morphologic properties of cultures from the grey and white matter differed only in the occurrence of B group cells which were extremely rare in cultures derived from the grey matter. At confluence, the bipolar or stellate cells were observed above flat cell layer (Fig. 1E ). Heterogeneous population of spindle-shaped and flat cells were found in 8 of 70 cultures (Fig. 1F) . Areas of these "fibroblast-like" cells usually grew in parallel arrays.
Immunodetermination of glial cell types Specific marker antibodies were used to identify the cell types in primary adult human brain tissue cultures prepared from 70 bioptic samples. All cultures were examined by immunofluorescence for GFAP, vimentin and fibronectin. Staining with the other antibodies was performed on 10-15 cultures. The results of Table 2 .
Glial cells
To identify and characterize astroglial cells, immunofluorescence staining was carried out using two MAb and polyclonal sera against GFAP. Staining patterns were similar with all antibodies. In confluent cultures derived from the white matter GFAP-positive cells reached about 0.1% of the total (Fig. 2C, Fig. 3F ). However, only a few scattered GFAP-positive cells were seen in several cultures from the cortical grey matter. The majority of cells in primary adult human brain cultures were flat GFAP-negative cells. Double labelling for vimentin and GFAP revealed the co-expression of both IF proteins in cultured adult human astrocytes (Fig. 2C,D) including GFAP-positive cells growing out from the explants ( Fig. 2A,B) . All GFAP-positive cells were negatively stained for fibronectin (Fig. 3E,F,G) . Immunostaining of oligodendrocytes in primary adult human brain cultures was performed using antibodies against GalC and O4. Positively stained cells were found only in several cultures prepared mainly from the white matter. Oligodendrocytes reached less than 0.01% of all cells in confluent cultures.
To characterize the amoeboid cells present in the primary adult human brain cultures, the expression of microglial markers was investigated using indirect immunofluorescence. All phase-bright cells with grainy cytoplasm were positively stained with microglial antibodies to ferritin and to CD11c. Double labelling for vimentin and ferritin revealed the presence of vimentin in all cultured microglial cells (Fig. 2E,F,G) . Staining for fibronectin was negative in the microglial population.
All proccess-bearing cells in our cultures were negatively stained with neuronal markers such as MAP-2, NF or N-CAM. To further characterize the adult human brain cultures, F-VIII immunostaining was used to detect the endothelial cells in the primary cultures. Cells in 10 cultures did not stain for F-VIII.
"Glia-like" cells
The cells in our adult human brain cultures which were negatively stained for all astroglial, oligodendroglial, microglial and neuronal markers were termed as "glialike" cells. These flat or spindle-shaped cells reached at confluence 95-98% overall. Immunofluorescence displayed the presence of vimentin in all "glia-like" cells (Fig. 2D,F) , even in cells outgrowing from explants (Fig. 2B ). Cultures were examined for the presence of fibronectin. Cells were cultured in complete MEM or maintained 2 h before staining without FCS. Strong extra-and intra-cellular staining for fibronectin was observed in a large majority of "glia-like" cells in presence or absence of FCS.
Monoclonal antibodies to nestin were used to identify the glial precursor cells in 15 primary adult human brain cultures. Nestin was expressed in 20-30% of "glia-like" cells in both sparce and confluent cultures (Fig. 3A,B) . The staining showed various intensity of staining (Fig. 3C,D) . GFAP-positive astrocytes were negatively stained with nestin antibodies.
In order to characterize the "glia-like" cells further, the cultures were treated with dbcAMP which is widely used to induce morphological differentiation of cultured astrocytes. In 15 cultures, dbcAMP induced reversible stellation of 5-10% of GFAP-negative flat "glia-like" cells (Fig. 4C,D) , whereas remaining cells with similar morphological features were not reactive to dbcAMP treatment (Fig. 4A,B) . Rapid morphological changes were observed 10 minutes after cell incubation with 1 mM dbcAMP in serum free conditions. Immunostaining for GFAP revealed that dbcAMP-mediated stellation of "glia-like" cells does not induce the expression of GFAP, neither after one hour, nor after 24 h of treatment (Fig. 4 E,F) . Dibutyryl cAMP-mediated stellation was not accompanied by nestin expression.
Discussion
In the present study we demonstrate that adult human brain cultures mainly consist of undefined cell populations usually termed as "glia-like" cells. This was confirmed on primary cultures derived from 70 adult human brain biopsies. In all cultures we found three main morphologically and immunocytochemically distinct cell types: (i) Astrocytes -process-bearing GFAPpositive cells; (ii) Microglia -amoeboid or spindle shaped cells with grainy or vacuolated cytoplasma positively stained with microglial markers; and (iii) "Glialike" cells -flat polygonal cells unstained with glial specific antibodies.
It appeared evident that the culture conditions induce expression of vimentin and fibronectin in "glia like" cells after several DIV. Fibronectin is one of the major glycoproteins of the interstitial matrix. Although fibronectin is produced by a variety of mesenchymal and neoplastic cell types it is often considered to be a specific marker for fibroblasts. However, fibronectin was found in cultured embryonic and immature astrocytes (Liesi et al. 1986 ). In this study we examined all adult human brain tissue cultures for fibronectin. In confluent primary cultures we found 0.1% of GFAP-positive/fibronectin-negative astrocytes and 2-5% fibronectin-negative microglial cells. The re-maining GFAP-negative cells showed strong extra-and intra-cellular staining for fibronectin. Vimentin is an intermediate filament initially considered to be a protein specific for cells of mesenchymal origin. Some authors have described the presence of vimentin only during early stages of astrocytic differentiation but not in the normal mature brain (Montgomery 1994) . Others reports indicate the co-expression of GFAP and vimentin in cultured adult human astrocytes (Osborn et al. 1981; ). Our results confirm the co-expression of GFAP and vimentin in adult human astrocytes under culture condition.
The most important questions in this study concern the "glia-like" cells which predominate in primary adult human brain cultures. There are three hypotheses to elucidate their origin.
(1) The "glia-like" cells are dedifferentiated glial cells under culture conditions. Might the "glia-like" cells correspond to dedifferentiated astrocytes? However, our results showed that during initial DIV the "glia-like" cells manifest outgrowth from explants together with differentiated GFAP-positive astrocytes and microglial cells. It is unlikely that a part of glial cells dedifferentiate within the brain explants and outgrowth as dedifferentiated astrocytes.
(2) The "glia-like" cells are of non-glial origin. The studies by revealed similar features in adult human brain and leptomeningeal tissue cultures. Based on these results the authors suggest that adult human brain cultures predominantly contain the leptomenigeal or arachnoid cells which follow penetrating cortical arteries into brain parenchyma. To avoid a release of non-glial cells from brain vessels we have used the explant culture technique. However, the low percentage of GFAP-positive cells in our explant cultures correspond with small amount of GFAP-positive cells in dissociated cultures described by . The properties of "glia-like" cells in cultures derived from the white matter and cortical grey matter were similar despite the fact that the leptomeningeal cells are abundant only in cortical grey matter. In our primary cultures we have often observed the areas of flat and spindle shaped GFAPnegative cells. Westermark et al. (1973) described the flat cells as "glia-like" cells and spindle shaped cells as fibroblasts. It is conspicuous that in their study only one of 73 investigated brain tissue cultures was comprised entirely of "fibroblast-like" cells. In our recent study we have also found one completely spindleshaped brain culture but this culture was prepared from the damaged brain tissue. It is remarkable that from the adjacent macroscopically less damaged part of the same biopsy we obtained cultures comprised of flat cells (Perzelova & Mares 1993) . During the current study we found areas of similar "fibroblast-like" cells in primary cultures, though we do not consider these cells to be fibroblasts. Based on the observation of different brain, skin and tumour tissue cultures we believe that spindle morphology is not specific for fibroblasts but it is rather the most favourable shape for rapid cell proliferation under culture conditions.
(3) The "glia-like" cells are precursor cells. The studies of brain precursor cells are focused on the subventricular zone. Only a few studies have shown that proliferative (3H-thymidine labelled) cells were concentrated in the subventricular zone as well as scattered throughout the adult rodent brain (Norton & Farooq 1989) . The studies by Norton et al. (1988) revealed the differentiation of small amount of cells derived from mature bovine and rat brains. These cells initially vimentin-positive/GFAP-negative differentiated in the primary cultures into vimentin-positive/GFAP-positive cells. We did not observe similar cell differentiation in adult human brain primary cultures. However, we have shown previously that initially GFAP-negative flat or spindle shaped cells became GFAP-positive during the period of spontaneously decelerated growth at the end of their life span (Perzelova & Mares 1993) . We supposed that the "glia-like" cells which predominate in adult human brain cultures are glial precursor cells, immunocytochemically undefined, in the brain tissue. We suggest these cells have high proliferative capacity, are scattered throughout the brain tissue and react in the brain explants to changed environmental conditions. This is because it is difficult to imagine migration towards the damaged brain region of astrocytes with long processes. It is possible that in the brain tissue glial precursor cells give rise to reactive glia, in response to brain noxa, they migrate, proliferate and differentiate into GFAP-positive astrocytes. Further evidence that "glia-like" cells are glial precursor cells could be the positive staining with nestin antibodies. Nestin is an intermediate filament protein originally identified as a marker for neuroepithelial precursor cells (Frederiksen & McKay 1988) . Further studies showed nestin expression in glial precursor cells (Tohyama et al. 1992; Clarke et al. 1994 ). In our cultures nestin was present approximately in one third of "glia-like" cells. These findings revealed that "glia-like" cultures contain a distinct subpopulation of nestin-positive glial precursor cells.
Dibutyryl cAMP is widely used to induce differentiation of cultured astrocytes. It is known that increased cAMP levels in rodent cultures can convert flat GFAP-positive astrocytes into stellate process bearing astrocytes (Moonen et al. 1975; Abe & Saito 1997; Won & Oh 2000) . However, studies by Osborn et al. (1981) showed that adult human brain cultures are not reactive for dbcAMP treatment. On the other hand, Estes et al. (1994) demonstrated morphologic changes in 25-50% of GFAP-positive flat cells. Our findings revealed that dbcAMP treatment induces reversible stellation in 5-10% of GFAP-negative "glia-like" cells in primary cultures while the remaining cells with similar morphological features are not reactive to that treatment. The immunostaining revealed that dbcAMP-mediated stellation of "glia-like" cells does not induce the expression of GFAP in these cells.
This study demonstrates the unexpected dbcAMPinduced stellation of GFAP-negative / vimentin-positi-ve / fibronectin-positive cells and the presence of nestin positive cells in adult human brain cultures. These findings revealed that the morphologically similar adult human "glia-like" cultures are composed by heterogeneous cell subpopulations.
